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(*) Piezoelectric ceramic composition for actuators. 

© A piezoelectric ceramic composition for actuators, composed of lead, lanthanum, zirconium, titanium, 
magnesium, zinc, niobium, manganese, chromium and oxygen atoms, which contains manganese in an amount 
of at most 1.5% by weight as calculated as MNaO and chromium in an amount of at most 0.5% by weight as 
calculated as Cr2 03, relative to a main component composition of the formula (I): 



Pb„. x) La x [(1 -z)(Zr y Ti„. y) ) + z{Mg q Zn (lK , ) ) 1 ^Nb M }] ( ,.x/4)03 
wherein 0<x<0.07, 0.40SyS0.65, 0SqS1, and 0<zS0.40. 
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The present invention relates to a piezoelectric ceramic composition for actuators. More particularly, it 
relates to a piezoelectric ceramic composition for actuators, which is useful as a material for piezoelectric 
actuators particularly suitable for operation at a high frequency of a level of a few kHz to 100 kHz, among a 
wide range of applications of piezoelectric actuators, as will be described hereinafter, 
s Actuators are designed to employ a piezoelectric reverse effect, i.e. an action to convert an electrical 

energy to a mechanical energy, to perform a fine displacement of a micron or submicron order by 
application of a voltage. They have been developed rapidly in recent years for application to e.g. precise 
control of a sound for e.g. a buzzer, or of a flow rate for e.g. a pump or a valve, precise positioning for e.g. 
a stepper or an apparatus for the production of semiconductors, and an ultrasonic motor which has attracted 
io an attention as a small size motor of next generation. 

Heretofore, as a piezoelectric material for actuators, a lead zirconate titanate ceramic composition (PZT) 

nas oeen known as having excellent piezoelectric characteristics, and various improvements have been 
made thereon depending upon its particular applications. 

For example, improvements of the characteristics of the PZT type piezoelectric material for actuators 
75 have been made by e.g. a method of substituting a part of the lead zirconate titanate by e.g. Ba 2 \ Sr 2 * or 
Ca 2 , a method of preparing a solid solution with a composite perovskite such as Pt(CO^, Ta^ 3 )0 3 or Pb- 
(Ni 1/3t Nb 2 /3)03, or a method of adding an oxide such as W0 3 , Fe 2 0 3 or NiO. 

When a piezoelectric actuator device is operated at a resonant frequency of a level of a few kHz to 100 
kHz as in the case of an ultrasonic motor developed in recent years, the piezoelectric material is required to 
20 have a high mechanical quality coefficient (for example, Qm* 1.000) to have a large vibrational amplitude in 
a resonance state and to control heat generation. 

However, when conventional high piezoelectric strain constant material (so-called soft material) for 
actuators is employed, the mechanical quality coefficient (Qm) is low at a level of a few tens to hundred, 
and a loss at the resonance point is vigorous, whereby the input energy can not effectively be converted to 
25 a mechanical energy, and consequently there have been problems such that the displacement tends to be 
small and heat generation tends to be vigorous. Further, the soft high piezoelectric strain constant material 
usually has a low Curie's temperature (Tc) at a level of from 100 to 150* C, and the heat generation tends 
to reach the Curie's point, whereby there will be a problem that depolarization takes place, or no 
displacement takes place. 

30 Also, in a case where a piezoelectric actuator device is operated at a high frequency of a level of a few 
kHz to a few tens kHz in a non-resonance state, the above-mentioned soft material has a large dielectric 
constant (e 33 T/e 0 ) and a large dielectric loss (tan 5) (for example, € 33 T/f 0 « 5,000, and tan 5 « 2 to 4%), 
whereby heat generation is vigorous, depolarization takes place for the above-mentioned reason, and the 
desired displacement tends to be hardly obtainable. 

35 On the other hand, a so-called hard material having a high Curie's temperature- (for example, 
To 300* C) is employed, the dielectric constant (€ 33 T/f 0 ) and the dielectric loss (tan 5) become small, (for 
example *3 3T/e 0 - 500 to 1,000, and tan 6 * 0.1 to 1%), but the piezoelectric strain constant decreases 
substantially, for example, the lateral piezoelectric strain constant (d 3 i) decreases to a level of 50 x 10 -12 
m/v, whereby in order to obtain a desired displacement, a high voltage will be required, and an expensive 

40 amplifier is required for operation at a high voltage and high frequency. 

As described in the foregoing, when a piezoelectric actuator is operated at a high frequency of a level 
of a few kHz to hundred kHz, it is desired to develop a material having excellent characteristics such that 
the piezoelectric strain constant is large, for example, the lateral mode piezoelectric strain constant (d 3 i) is 
at least 100 x 10" 12 m/v, the dielectric constant (^sT/eo) and the dielectric loss (tan 5) are small, for 

45 example, f 33 T/* 0 » 1,000 to 3,000, and-tan 5 » 0.1 to 1%, and the mechanical quality coefficient (Qm) is 
high, for example, Qm is at least 1,000. 

The present invention has been accomplished under these circumstances. It is an object of the present 
invention to provide a piezoelectric ceramic composition for actuators, which is very useful as a piezoelec- 
tric actuator material suitable for operation at a high frequency of a level of a few kHz to hundred kHz and 

so which has a high piezoelectric strain constant, a low dielectric constant, a low dielectric loss and a high 
mechanical quality coefficient. 

Thus, the present invention provides a piezoelectric ceramic composition for actuators, composed of 
lead, lanthanum, zirconium, titanium, magnesium, zinc, niobium, manganese, chromium and oxygen atoms, 
which contains manganese in an amount of at most 1 .5% by weight as calculated as Mn02 and chromium 
55 in an amount of at most 0.5% by weight as calculated as Cr 2 03, relative to a main component composition 
of the formula (I): 

Pb ( i. XJ La x [(1-z)(Zr y Ti ( ,. y) ) + z{Mg q Zn (1 . q) ),/3Nb»3}l(i^4)03 (0 
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wherein 0<xS0.07, 0.40SyS0.65, 0£q£1. and 0<zS0.40. 

Namely, the present inventors have conducted detailed studies to accomplish the above object and as 
a result, have found that a composition having a specific composition has a high piezoelectric constant, a 
5 low dielectric constant, a low dielectric loss and a high mechanical quality coefficient at the same time. The 
present invention has been accomplished on the basis of this discovery. 

Now. the present invention will be described in detail with reference to the preferred embodiments. 

In the following description, the amount of manganese as calculated as Mn02 and the amount of 
chromium as calculated as C^Ch, relative to the main component composition of the formula (I) will be 
io referred to simply as "the amount of MnOc" and "the amount of 0:03 M . respectively. 

The piezoelectric ceramic composition for actuators of the present invention has a high Curie's 
temperature, a high piezoelectric strain constant and a high mechanical quality coefficient. 

With the composition of the present invention, the larger the amount of Mn02, the larger the mechanical 
quality coefficient (Qm). provided that the rest of the composition is constant. The composition of the 
is present invention can be classified into two groups with the amount of Mn0 2 of 0.3% by weight being the 
border line. 

Namely, in a case where the amount of Mn02 is at least 0.3% by weight, preferably from 0.4 to 1.2% 
by weight, the composition of the present invention exhibits a very large mechanical quality coefficient 
(Qm), and a loss at the resonance point is small. Accordingly, such a composition is suitable as a material 
20 for operation at a high frequency utilizing resonance. 

On the other hand, in a case where the amount of Mn02 is less than 0.3% by weight, preferably from 
0.05 to 0.25% by weight, it is possible to obtain a ceramic composition having a large lateral mode 
piezoelectric strain constant (d3i) and a very small dielectric toss (tan 6) although the mechanical quality 
coefficient (Qm) is not so large. Such a composition is suitable as a material for operation at a high 
25 frequency to be used in a non-resonance state. 

Further, in the composition of the present invention, the content of lanthanum is influential over the 
Curie's temperature. Namely, the smaller the amount of lanthanum, the higher the Curie's temperature. 
Here, the amount of lanthanum is preferably in such an amount that x in the formula (I) is at most 0.05. The 
Curie's temperature is an index for the limit of high temperature use. The limit for the high temperature use 
30 varies depending upon the particular purpose of the piezoelectric ceramic composition for actuators. 
Therefore, it can not necessarily be said that the higher the Curie's temperature, the better. However, it is of 
course preferred that the Curie's temperature is high so long as other physical properties are the same. 
Inversely, the physical properties of piezoelectric ceramic compositions for actuators should be -compared 
among those showing the Curie's temperature suitable for the particular purpose. 
35 Now, preferred embodiments of the present invention will be described. 

The ceramic composition of the present invention has a high Curie's temperature, a high piezoelectric 
strain constant and a high mechanical quality coefficient. Particularly those having the following composi- 
tions © to 0 in the above formula (I) have a Curie's temperature (Tc) of at least 250 *C, a lateral mode 
piezoelectric strain constant (d3i) exceeding 100 x 10~ 12 m/v and a mechanical quality coefficient (Qm) as 
40 high as at least 1,000, and thus, they are suitable as materials for high frequency operation utilizing 
resonance, such as a ultrasonic motor. 

© x = 0.02, y = 0.50, z = 0.10, q = 0.7, the amount of MnOs = 0.5 wt%, the amount of Cr 2 03 = 0.1 
wt% (Example 1 given hereinafter) 

© x = 0.03, y = 0.50, z = 0.10, q = 1.0, 0.5 or 0.0, the amount of Mn0 2 = 0.5 wt%. the amount of 
45 Cr 2 03 = 0.1 wt% (Examples 2, 3 and 4 given hereinafter) 

(3) x = 0.03, y = 0.50, z = 0.10, q = 0.5, the amount of MnCb = 0.5 wt%. the amount of Cr 2 0 3 - 0.3 
wt% (Example 5 given hereinafter) 

0 x = 0.04. y = 0.52, z = 0.10, q = 0.7, the amount of MnOs = 0.5 wt%, the amount of Cr 2 0 3 - 0.1 
wt% (Example 6 given hereinafter) 
so Further, those having the following compositions © to ® in the formula (I) have a Curie's temperature 
(Tc) of at least 200 'C and a lateral mode piezoelectric strain constant (d 3 i) exceeding 200 x 10~ 12 m/v, 
and thus, they are particularly preferred. With a conventional composition having a lateral piezoelectric 
strain constant (d 3 i) exceeding 200 x 10" 12 m/v, the dielectric loss (tan 5) is usually as large as from 2 to 
3% (see Comparative Examples 5 to 7 given hereinafter). Whereas, with the products of the present 
55 invention (see Examples 9, 10 and 11 given hereinafter), the dielectric loss (tan S) is as low as from 0.3 to 
0.5%. which is from 1/4 to 1/10 of the dielectric loss of the conventional products, and thus they are suitable 
as materials for actuators for high frequency operation. 

® x = 0.02, y = 0.48, z = 0.28, q = 0.7, the amount of Mn02 =0.15 wt%, the amount of Cr 2 0 3 = 
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0.1 wt% (Example 9 given hereinafter) 

© x = 0.03, y = 0.50, z = 0.16, q = 0.15, the amount of Mn0 2 = 0.15 wt%, the amount of Cr 2 0 3 = 
0.1 wt% (Example 10 given hereinafter) 

(?) x = 0.04, y = 0.52, z = 0.16, q = 0.5. the amount of Mn0 2 = 0.15 wt%, the amount of Cr 2 0 3 = 
5 0.1 wt% (Example 11 given hereinafter) 

If x in the formula (I) exceeds 0.07. the Curie's temperature (Tc) will be at most 150*C, whereby the 
upper limit of the operational temperature of the device will be at a level of from 60 to 70" C, and thus such 
a material is not practically useful. Besides, the lateral mode piezoelectric strain constant (d 3: ) is as small 
as not detectable by a resonance-antiresonance method, and thus it is not suitable as a material for 
■ o actuators (Comparative Example 8 given hereinafter). 

If z in the formula (I) is at least 0.40 (Comparative Example 1 given hereinafter), a pyrochiore phase 
tends to be present in a sintered body in addition to tne perovskite phase, whereby the lateral mode 
piezoelectric constant (d 3 i) tends to be low, such being undesirable. Further, if the amount of Mn0 2 
exceeds 1 .5% by weight, (Comparative Example 2 given hereinafter), abnormal grain growth tends to occur 
is during the sintering, and the density of the sintered product tends to be low, and dielectric breakdown is 
likely to result during the polarization, such being undesirable. Accordingly, the amount of Mn0 2 is adjusted 
to be at most 1 .5% by weight, preferably from 0.05 to 1 .2% by weight. 

When Cr 2 0 3 was not added (Comparative Example 3 given hereinafter), the lateral mode piezoelectric 
strain constant (d 3 i ) and the mechanical quality coefficient (Qm) are small, and when the amount of Cr 2 0 3 
20 exceeds 0.5% by weight (Comparative Example 4 given hereinafter), no effect of the addition of chromium 
is observed in the lateral mode piezoelectric strain constant (d 31 ) and in the mechanical quality coefficient 
(Qm). This is apparent from the comparison with Examples 3 and 5 wherein the proportions of x, y, z and q 
and the amount of Mn0 2 are the same. Thus, the amount of Cr 2 0 3 should be usually at most 0.5% by 
weight, preferably from 0.002 to 0.5% by weight. 
25 The ceramic composition of the present invention may be prepared, for example, by weighing oxide 
starting materials of the respective constituting elements to obtain a prescribed blend composition, then 
mixing them in a wet system by e.g. a ball mill, calcining the mixture, followed by pulverization, and 
sintering the obtained powder at a temperature of from 1,100 to 1,300' C. 

Now, the present invention will be described in further detail with reference to Examples and 
30 Comparative Examples. However, it should be understood that the present invention is by no means 
restricted by such specific Examples. 

EXAMPLES 1 TO 13 AND COMPARATIVE EXAMPLES 1 TO 8 

35 PbO, La 2 0 3j TiO, Zr0 2 , MgO, ZnO, Nb 2 05, Mn0 2 and Cr 2 0 3 , high purity. oxide starting materials 
having a purity of at least 99.9%, were weighed in prescribed proportions and subjected to wet-system 
mixing for 24 hours by means of a ball mill. The mixture was dried, molded and calcined at 900 *C for two 
hours. Then, it was pulverized in a mortar and again pulverized in a wet-system for 24 hours by a ball mill. 
The obtained powder was hydrostatically press-molded by a rubber press method and then sintered at 

40 1,200*C in a lead atmosphere. Then, the obtained sintered body was processed into a disk and a rod by a 
slicing machine. Then, an Ag paste was screen-printed and subjected to electrode baking at 550 'C. 
Polarization treatment was conducted in a silicon oil of a temperature of from 80 to 120*C under an 
electrical field intensity of from 2.0 to 4.0 kV/mm for from 5 to 20 minutes. Upon expiration of one day, 
various piezoelectric physical properties such as the dielectric constant at 1 kHz (e 33 T/eo), the dielectric loss 

J5 at 1 kHz (tan 5), the mechanical quajity coefficient (Qm), the lateral mode electromechanical coupling 
coefficient (K31) and the lateral mode piezoelectric strain constant (d 3 i), were measured by a resonance- 
antiresonance method by means of a vector impedance analyzer. Further, the temperature characteristic of 
the relative permittivity was measured, and from the maximum of the relative permittivity, the Curie's 
temperature (Tc) was obtained. The results are shown in Tables 1 to 3. 
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As described in the foregoing, the piezoelectric ceramic composition for actuators according to the 
present invention has a high electromechanical coupling coefficient, a high piezoelectric strain constant, a 
55 low dielectric constant, a low dielectric loss, a high mechanical quality coefficient and a high Curie f s 
temperature simultaneously, and it can be used effectively as various piezoelectric materials. Particularly, 
the piezoelectric ceramic composition for actuators according to the present invention shows excellent 
properties as a material for piezoelectric actuators to be operated at a high frequency of a few kHz to 
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hundred kHz, and it is very useful for industrial applications. 
Claims 

5 1. A piezoelectric ceramic composition for actuators, composed of lead, lanthanum, zirconium, titanium, 
magnesium, zinc, niobium, manganese, chromium and oxygen atoms, which contains manganese in an 
amount of at most 1 .5% by weight as calculated as Mn 2 0 and chromium in an amount of at most 0.5% 
by weight as calculated as O2O3, relative to a main component composition of the formula (I): 

10 Pb ( t. x> La x [(1-z)(Zr y Ti (1 . y) ) + z{Mg q Zn (1 . q) ) 1/3 Nb2/3}]n-x/4)03 (I) 

w h ere i n 0<x^0.07, 0.40^y50.65, 0£q£l, and 0<z£0. 4 0. 

2. The piezoelectric ceramic composition for actuators according to Claim 1, wherein manganese is 
75 contained in an amount of at least 0.3% by weight as calculated as Mn0 2 . 

3. The piezoelectric ceramic composition for actuators according to Claim 2, wherein manganese is 
contained in an amount of from 0.4 to 1.2% by weight as calculated as MnC>2. 

20 4. The piezoelectric ceramic composition for actuators according to Claim 2, wherein chromium is 
contained in an amount of at least 0.002% by weight as calculated as Cr 2 03. 

5. The piezoelectric ceramic composition for actuators according to Claim 2, wherein x in the formula (I) is 
at most 0.05. 

25 

6. The piezoelectric ceramic composition for actuators according to Claim 1, wherein manganese is 
contained in an amount of less than 0.3% by weight as calculated as Mn0 2 . 

7. The piezoelectric ceramic composition for actuators according to Claim 6, wherein manganese is 
30 contained in an amount of from 0.05 to 0.25% by weight as calculated as Mn0 2 . 

8. The piezoelectric ceramic composition for actuators according to Claim 6, wherein chromium is 
contained in an amount of at least 0.002% by weight as calculated as Cr 2 03- 

35 9. The piezoelectric ceramic composition for actuators, according to Claim 6, wherein x in the formula (I) 
is at most 0,05. 
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